Anodic polarization tests were performed in 0.9％ NaCl and 1％ lactic acid solutions to characterize the relationship between the corrosion behavior and the microstructures of cast Ti-Ag（5 -40％ Ag）alloys. The anodic polarization curves for the TiAg alloys up to 17.5％ Ag were similar to those for pure titanium in both solutions. On the other hand, an abrupt increase in the current density was observed for the alloys with more than 20％ Ag in the NaCl solution and with more than 27.5％ Ag in the lactic acid solution. The microstructures of the corroded alloy surfaces indicated the deterioration of precipitated intermetallic compounds along the grain boundaries. The Ti-Ag alloys up to 17.5％ Ag had excellent corrosion resistance similar to that of pure titanium. The alloys with 20-25％ Ag may be also used as dental alloys, since they passivated again immediately after preferential dissolution in the NaCl solution.
INTRODUCTION
Although most titanium dental prostheses have recently been made of pure titanium, the strength of pure titanium is insufficient for some applications requiring comparatively high strength, such as partial dentures, bars, clasps, and bridges 1-4） . The poor machinability（ease of cutting or grinding）of pure titanium is also an obstacle to practical dental application. Alloying is one means of improving these properties.
We investigated the mechanical properties and grindability of titanium alloys with a eutectoid transformation, such as the Ti-Au, Ti-Ag and Ti-Cu alloys, as possible dental alloys 5-9） . Our studies showed that some Ti-Au, Ti-Ag and Ti-Cu alloys had mechanical properties superior to those of pure titanium. The yield strength of 20％ Au, 10％ Ag, 20％ Ag and 2％ Cu alloys matched type 4 hardened dental casting alloys or dental base metal casting alloys such as Co-Cr alloys（in this article, mass percent is expressed as a percentage） 7,8） . The mechanism of the improved properties could be attributed to the solid solution strengthening of α titanium and by the fine precipitation of intermetallic compounds. Moreover, some of the Ti-Ag and Ti-Cu alloys had better grindability than pure titanium. The grindability of the alloys could be attributed mainly to a decrease in the elongation caused by the precipitation of small amounts of fine intermetallic compounds. The Ti20％Ag and Ti-5％Cu alloys are particularly good candidates for dental CAD/CAM alloys 9） . Although the strengths and/or grindability of the titanium alloys with a eutectoid transformationsuch as the Ti-Au, Ti-Ag and Ti-Cu alloys -were improved, the intermetallic compounds they contain may diminish the corrosion resistance of the alloys. In our previous study, the corrosion resistance of the Ti-Au alloys with Ti 3 Au was similar to that of pure titanium in 1％ lactic acid but was inferior to that of pure titanium in 0.9％ NaCl solution 10） . It was found that the corrosion resistance of the Ti-Cu alloys with a small amount of Ti 2 Cu was similar to pure titanium in both 0.9％ NaCl and 1％ lactic acid solutions 11,12） , while the Ti-Cu alloys containing a large amount of Ti 2 Cu lowered the transpassive potential in artificial saliva 13） . On the other hand, Takada et al. reported that the corrosion resistance of the TiAg alloys deteriorated because Ti 2 Ag and/or TiAg preferentially dissolved in 0.9％ NaCl solution 11） . However, the relationship between the preferential dissolution and the exact concentration of Ag has not been clarified. Moreover, the corrosion characteristics of the Ti-Ag alloys in lactic acid have not been examined, although it is known that CP titanium and titanium alloys dissolve slightly in lactic acid, and even less in NaCl solution 10,12,14-18） . Since lactic acid can form intraorally in the plaque 19,20） , it is very important to know the effect of organic acids on passivation.
A series of Ti-Ag alloys with 5-40％ Ag were made in the present study. Anodic polarization tests were performed in 0.9％ NaCl and 1％ lactic acid solutions to characterize the relationship between the corrosion behavior and the microstructures of the cast Ti-Ag alloys. 
MATERIALS AND METHODS

Preparation of alloys
Experimental binary titanium alloys with 5, 10, 17.5, 20, 22.5, 25, 27.5, 30 and 40％ Ag were examined. Special points of the Ti-Ag system 21） are shown in Table 1 . Pure titanium was included as the control in this study. The desired amounts of titanium sponge （＞99.8％, grade S-90, Sumitomo Titanium Corp., Amagasaki, Japan）and pure silver（＞99.99％, Ishifuku Metal Industry Co., Ltd., Tokyo, Japan） were melted into one 15 g button for each alloy in an argon arc melting furnace （TAM -4S, Tachibana Riko, Sendai, Japan） .
The chamber was evacuated to 5 mPa, and highpurity argon gas （＞99.9999％, Taiyo Nippon Sanso Corp., Tokyo, Japan） was subsequently introduced until the pressure reached 50 kPa prior to melting. To reduce the residual oxygen in the furnace atmosphere, getter titanium was melted before the alloy buttons were melted. Each button was melted six times in all and inverted five times to ensure alloy homogeneity.
Pure titanium buttons were made from the titanium sponge in the same way.
Preparation of specimens
Each alloy was cast into a plate pattern（35 mm long × 8.6 mm wide × 2.8 mm thick）using a magnesia investment （Selevest CB, Selec, Osaka, Japan） in a two-compartment argon gas pressure casting unit （Castmatic-S, Iwatani, Osaka, Japan） at 200℃ and was then bench-cooled. All the surfaces of the cast plates were abraded to a depth of 300μm using silicon carbide abrasive paper to remove the hardened surface layer on the castings 22,23） . These polished plates were then cut into square pieces（8.0 mm × 8.0 mm × 2.2 mm）for corrosion testing. A dental X-ray unit（Dentsply Gendex GX900, Des Plaines, IL, USA） was used to examine the soundness of each cast specimen for any perceptible casting defects （pores） using a procedure similar to that described by Watanabe et al.
24）
.
X-ray diffractometry X-ray diffractometry（XRD）was performed at room temperature using CuKα radiation generated at 30 kV and 10 mA in an X-ray diffractometer（Miniflex CN2005, Rigaku, Tokyo, Japan） . The experimental conditions were: 2θ range 20 -90°at 0.02°per step and 6 s photon counting time per step. The peaks on the XRD patterns were indexed to X-ray polycrystalline powder diffraction files 25） .
Potentiodynamic anodic polarization measurement
Before testing, the surfaces of each specimen were polished with 180-800 grit silicon carbide abrasive papers and then ultrasonically cleaned with distilled water for 60 s. Immediately after drying, potentiodynamic anodic polarization tests were performed for each alloy（n＝4）as follows: the reference electrode was a saturated silver-silver chloride electrode, the counter electrode was platinum, and the electrolyte solutions were 0.9％ NaCl solution and 1％ lactic acid solution at 37 ℃ . The solutions were deaerated with argon gas （＞99.9％, Taiyo Nippon Sanso Corp., Tokyo, Japan） at 100 mL per minute for 1 hour, and the dissolved oxygen level was kept below 0.2 mg殴 L -1 . Measurements were taken using a potentiostat（Potentiostat/Galvanostat Model 273A; EG&G Princeton Applied Research, Princeton, NJ, USA）scanning from 50 mV below the rest potential to 1.8 V（vs. NHE）at a rate of 0.5 mV殴 s -1 . Analysis of the data provided the passive current densities（I pass ）and breakdown potentials（E b ） . I pass was determined by the current density at ＋0.83 V （＝0.6 V vs. SCE） （JIS T 0302）
26）
. E b is the potential where the current increases with increasing potential 27） .
Microstructural observation
The specimen surfaces, which were polished and etched with 0.5 mL HF, 1.0 mL HNO 3 and 300 mL H 2 O, were observed using an optical microscope （PMG3 -614IU -SP, Olympus, Tokyo, Japan） . Selected specimens were also examined before and after corrosion testing using a scanning electron microscope （SEM）（JSM 6300R, JEOL, Peabody, MA, USA） equipped with an energy dispersive spectroscope （EDS）（IXRF EDS 2000 Systems, IXRF Systems, Inc., Houston, TX, USA） .
Statistical analysis
Values for I pass and E b were statistically analyzed by one-way ANOVA and Scheffé's test at a significance level of α＝0.05. RESULTS X-ray diffractometry and metallography XRD patterns of selected Ti-Ag alloys and pure titanium are displayed in Fig. 1 . Only the α titanium peaks were present in the pure titanium and in the 5 -20％ Ag alloys, whereas both the α titanium and Ti 2 Ag peaks appeared in the 22.5％ Ag alloy. The number of Ti 2 Ag peaks tended to increase as the concentration of Ag increased. Besides the α titanium and Ti 2 Ag peaks, TiAg peaks also appeared in the 40％ Ag alloy.
The microstructures of the etched Ti-Ag alloys are shown in Fig. 2 . The microstructures of the TiAg（5 -17.5％ Ag）alloys consisted of α titanium with irregular grain boundaries, which resembled the microstructure of pure titanium. The acicular structure in the Ti-Ag alloys changed to an equiaxed structure as the concentration of Ag increased. Only one or two needle-like precipitates were observed in a square area（8 × 8 mm）of the 20％ Ag alloy. With an increase in the Ag concentration, the amount of the precipitates increased along the grain boundaries. When the concentration of Ag reached 27.5％, granular precipitates appeared in the grain boundaries in addition to the needle-like precipitates, which were clearly observed in the Ti-30％Ag alloy. The EDS analysis of the 30％ Ag alloys indicated that the mean silver concentrations in the precipitates and the matrix grains were 54 ± 7.3％ （34 ± 6.9 mol％） （mean ± SD）and 21 ± 0.9％（10.4 ± 0.5 mol％） , respectively. The precipitates found in the grain boundary areas in the Ti-40％Ag alloy increased in size and number.
Potentiodynamic anodic polarization in 0.9％ NaCl solution The potentiodynamic anodic polarization curves of the Ti-Ag alloy series and the pure titanium are shown in Fig. 3. Fig. 3 （a）shows that the passive region for the Ti-Ag alloys was similar to that for pure titanium in 0.9％ NaCl solution, although the rest potential of the alloys was slightly higher than that of pure titanium. There was no significant difference in the I pass （3.4-4.0×10 -2 A殴 m -2 ）among the alloys with Ag 閏 17.5％ and the pure titanium （p ＞0.05） . A rapid increase in the current density was observed for the alloys with Ag 噂 20％. A current density peak appeared at an E b of 0.29 V in the curve for 20-25％ Ag. The current density decreased immediately and passivated again up to 1.4 V. The peak became larger with the increase in the Ag concentration. The current density of 27.5 and 30％ Ag increased abruptly at an E b of approximately 0.21 V. The E b for 40％ Ag was remarkably low（0.09 V） .
Precipitated intermetallic compounds in the structure of the alloys with Ag 噂 20％ dissolved preferentially in the NaCl solution, compared to the α titanium, as in a previous report
11）
. No structural changes were found in the Ti-Ag alloys with Ag 閏 17.5％.
Potentiodynamic anodic polarization in 1％ lactic acid solution Fig. 3 （b）shows that the passive region for the Ti-Ag alloys was similar to that for pure titanium in 1％ lactic acid solution. There was no significant difference in the I pass （3.4-4.1×10 -2 A殴 m -2 ）among the alloys with Ag 閏 25％ and the pure titanium（p＞0.05） . 
（a） （b）
Furthermore, there was no significant difference in the I pass in the lactic acid solution and in the NaCl solution （p＞0.05） . When the potential increased above 1.5 V and the alloys reached the transpassive region, the current density of the 5-17.5％ Ag alloys increased compared with that of pure titanium, while the current density of the 20 -25％ Ag alloys decreased. Unlike the results in the NaCl solution, the breakdown did not appear in the 20-25％ Ag alloys in the lactic acid solution. The current density for the 27.5％ and 30％ Ag increased at an E b of 0.52 V and peaked; after this, the current density increased again at an E b of 0.75 V. The current density for the 40％ Ag increased abruptly from the early stage of scanning.
The microstructures of the corroded alloy surfaces of the Ag噂27.5％ alloys indicated some deterioration of the precipitated intermetallic compounds in the lactic acid solution. Preferential dissolution was limited to some surfaces of the Ag 閏 30％ alloys. However, the dissolution in the 40％ Ag alloy was evident inside the grain boundaries; the microstructures showed that some of the grains had detached after potentiostatic electrolytic testing （Fig. 4） . In contrast to the specimens with a higher silver content, no structural changes were found in the alloys with Ag 閏 25％ after the test.
DISCUSSION
Eutectoid reaction of cast Ti-Ag alloys
The Ti-Ag system is of the eutectoid type with a eutectoid at 15.6％ Ag and 855℃
21）
. Silver is classified as a β stabilizer that secures the β phase by lowering the transformation temperature 28） . However, Ag solubility in α phase is relatively large and the eutectoid temperature is high, indicating that β may not be retained on quenching for any of the silver contents 28-30） . As presented, the β phase was not detected by XRD in any of the present cast TiAg alloys.
According to the binary equilibrium phase diagrams 21） , the intermetallic compounds TiAg or Ti 2 Ag should precipitate in the cast Ti-Ag alloys （except for 5％ and 10％ Ag）while cooling to the eutectoid temperature. The alloys （except 5％ Ag） should form the eutectoid constituent （α ＋ Ti 2 Ag） from the β grains at the eutectoid temperature（Table 1） . Ti 2 Ag in the α phase of the 5％ Ag alloy should start to precipitate when the temperature of the casting reaches the solvus line. However, the expected phases were not found for the cast Ti-Ag alloys in this study because of non-equilibrium solidification. XRD detected the intermetallic compounds in the alloys with Ag 噂 22.5％, and the microstructures showed the precipitations in the alloys with Ag 噂 20％. Previous studies reported that a small amount of Ti 2 Ag was observed by SEM in the Ti-20％Ag alloys but this amount was too small to be detected by XRD 7,11） . There was probably more Ag in the α titanium phase than the limit of solubility shown in the equilibrium phase diagrams. The silver was supersaturated in the α phase during bench-cooling.
Another explanation for the lack of the expected phases may be a massive or martensitic transformation, which depends on the cooling rate and composition.
The β titanium phase can transform to partitionless α titanium during quenching from the β titanium field 30-32） . The same transformation was observed in the cast Ti-Au alloys 10） . It was found that the eutectoid reaction did not occur or occurred only slightly in the Ti-Ag alloys when they were cast and then bench-cooled, but rather the intermetallic compounds of the cast Ti-Ag alloys were precipitated while cooling to the eutectoid temperature.
Corrosion behavior and microstructures of 5 -17.5％ Ag alloys The Ti-Ag alloys with Ag 閏 17.5％, which formed a single α phase structure, had anodic polarization curves that were similar to those for pure titanium in both solutions. There were no significant differences in the I pass between the Ti-Ag alloys and the pure titanium. Thus, the corrosion resistance of the α solid solution in the Ti-Ag alloys was the same as that for pure titanium, independent of the Ag concentration, as Takada et al. reported 11） . It is known that the corrosion resistance of the α solid solution in the Ti-Au and Ti-Cu alloys is also similar to that of the pure titanium, regardless of the Au and Cu content 10-12） .
Corrosion behavior and microstructures of the 20-25％ Ag alloys A current density peak appeared in the curve for Ti-20-25％Ag in the NaCl solution at the same E b of 0.29 V. SEM observation of the specimen surfaces before and after the potentiostatic test revealed that the Ti 2 Ag was preferentially attacked, as in a previous report 11） . The amount of precipitated Ti 2 Ag should depend on the content of Ag beyond the limit of solid solution solubility of Ag in α phase, as mentioned above. The surface area of Ti 2 Ag on the alloy increased as the concentration of Ag increased in the present study. The increase in the surface area of Ti 2 Ag should lead to a greater current density. The current density peaks actually became larger with the increase in the Ag concentration. Thus, when the correlation between the current density peaks and the Ag concentration in the 20-25％ Ag alloys was calculated, Equation （1） was obtained as shown below:
where i is the current density（A殴 m -2 ） ,［Ag］is the Ag concentration（mol％） , and R 2 is the coefficient of determination. Since the I pass of the Ti-Ag alloys with Ag 閏 17.5％ was approximately the same, it turned out that the increase in the current density occurred at the moment the Ti 2 Ag precipitated. Therefore, the concentration from which the Ti 2 Ag precipitation begins can be determined as the intersection of the two dotted lines shown in Fig. 5 . When i＝3.76×10
-2 （average of the I pass of the alloys with Ag 閏 17.5％） is substituted for Equation （1） , ［Ag］ ＝9.32（mol％） ＝18.8（mass％）is obtained. The experimental values suggested that the Ti 2 Ag precipitated in more than 18.8 mass％Ag.
In the 1％ lactic acid solution, the anodic polarization curves of the 20-25％ Ag alloys were similar to those for the pure titanium. Unlike the case for the NaCl solution, the Ti 2 Ag remained on the specimen surfaces after testing. It was found that the preferential dissolution of the Ti 2 Ag did not occur in the lactic acid solution. In the transpassive region in the lactic acid solution, the current density of the 5-17.5％ Ag alloys was higher than that of pure titanium but the current density of the 20 -25％ Ag alloys was lower. Insoluble Ti 2 Ag might reduce the speed of dissolution for the Ti-Ag alloys in the transpassive region. The 20-25％ Ag alloys may be used for dental applications, although their corrosion resistance is inferior to that of pure titanium, since the alloys had excellent corrosion resistance in the lactic acid solution and passivated again immediately after preferential dissolution in the NaCl solution.
Corrosion behavior and microstructures of 27.5-40％ Ag alloys The E b of the 27.5％ and 30％ Ag alloys was lower than that of the 20 -25％ Ag in the NaCl solution.
There were two peaks in the anodic polarization curves of 27.5％ and 30％ Ag alloys in the lactic acid that were not seen in the alloys with Ag 閏 25％. This phenomenon indicated that other phases that did not exist in the alloys with Ag 閏 25％ existed in 27.5％ and 30％ Ag. The precipitates observed in the 20 -25％ Ag were needle-like（Fig. 2） . In addition to the needle-like formations, the granular precipitates, which were considered to be different phases from Ti 2 Ag, appeared in the 27.5％ Ag and became larger in the Ti-30％Ag alloy.
According to the phase diagrams, the granular precipitates might be TiAg; however, XRD indicated that the TiAg peaks were present only in the 40％ Ag. Since the anodic polarization curve of 40％ Ag in the NaCl solution had a characteristic E b of 0.09 V, which was different from the E b of alloys with Ag 閏 30％, 0.09 V was thus the dissolution potential of TiAg. These facts proved that the TiAg existed only in the 40％ Ag, and the granular precipitates were not TiAg.
Changes in the microstructure of the Ti-30％Ag alloy were observed by SEM after the anodic polarization tests in the lactic acid solution at 0.69 V, 1.19 V and 1.8 V （Fig. 6） . Fig. 6 （b） illustrates that a part of the intermetallic compounds observed before testing dissolved preferentially after the first peak that was shown in Fig. 3 （b） . Fig. 6 （c） shows that the area surrounding the dissolved part shown in Fig. 6 （b）dissolved after the second peak. The type of dissolution resembled that of the granular precipitates seen in Fig. 2 . Since the microstructures of the remaining precipitates did not change after the tests to 1.8 V, these precipitates were the same as Ti 2 Ag in the 20-25％ Ag. The 20-25％ Ag and the 27.5-30％ Ag had different Ti 2 Ag precipitation processes. Ti 2 Ag in the 20-25％ Ag precipitated directly from the β phase. On the other hand, TiAg first precipitated along the grain boundaries from the β phase in the 27.5-30％ Ag alloys; later Ti 2 Ag precipitated due to the peritectoid reaction at 940℃, which was（βTi）＋ TiAg → Ti 2 Ag （Table 1） . Ti 2 Ag, which metamorphosed from TiAg, probably did not exist in the 20-25％ Ag alloys. Therefore, we surmised that the two intermediate phases of the process by which TiAg metamorphosed into Ti 2 Ag were present in the 27.5-30％ Ag alloys. The intermetallic compounds in the 27.5-30％ Ag and 40％ Ag consisted of Ti 2 Ag ＋ two intermediate phases, and Ti 2 Ag ＋ two intermediate phases ＋ TiAg, respectively.
Mechanical properties, grindability and corrosion resistance of Ti-Ag alloys The intermetallic compounds of the Ti-Ag alloys improved their strengths and grindability 7,9） , but reduced the corrosion resistance. Thus, it is important to control the quantity and a type of precipitation of the intermetallic compounds. A eutectoid reaction of the titanium alloys with a eutectoid transformation can be controlled by heat treatment, as in the Ti-Cu alloys 33-35） . It is expected that the Ti-Ag alloys will improve as dental titanium alloys if fine intermetallic compounds precipitate uniformly during heat treatment.
CONCLUSIONS
The cast Ti-Ag alloys up to 17.5％ Ag, which formed a single αphase structure, had excellent corrosion resistance similar to that of pure titanium in both the NaCl and lactic acid solutions. The experimental values suggested that the intermetallic compounds precipitated in alloy concentrations greater than 18.8 mass％Ag. An abrupt increase in the current density was observed for the alloys with more than 20％ Ag in the NaCl solution and more than 27.5％ in the lactic acid solution. The microstructures of the corroded alloy surfaces showed the deterioration of precipitated intermetallic compounds. Alloys with 20 -25％ Ag may be used for dental applications, since they had excellent corrosion resistance in the lactic acid solution and passivated again immediately after the preferential dissolution in the NaCl solution. （b） （c） （d）
